In the isolated right atrium of the rabbit, premature beats were elicited by electrical stimulation. When the activation front of a premature beat did not reach the sinoatrial (S-A) node soon enough to discharge the pacemaker prematurely, the pause following the premature beat was compensatory. However, when the activation front forced the pacemaker to discharge prematurely, the premature beat cycle outlasted the normal spontaneous pause, although it was not completely compensatory. Moreover, several cycles after the premature beat were prolonged. The postextrasystolic pause lasted longer if the premature beat was elicited earlier in the atrial cycle. Several changes in the activity of the S-A node caused the prolonged diastole after the atrial premature beat; the most prominent change was a pacemaker shift that persisted several cycles after the premature beat. We found a progressive decrease of the conduction velocity within the S-A node when the latency between the spontaneous discharge of the pacemaker and the arrival of the premature impulse from the atrium in the S-A node was shortened. This may explain the occurrence within the S-A node of a shift of the pacemaker in the direction of the ectopic focus. The rhythm of the new pacemaker was slower than that of the original one.
• If an impulse originating from an atrial ectopic focus does not reach the sinoatrial (S-A) node before its spontaneous discharge, the lengthening of the interval after the premature beat is fully compensatory. The premature beat inhibits the conduction of the spontaneous impulse from the nodal pacemaker over the atrium. Only the next spontaneous impulse is conducted and activates the atrium. If, on the contrary, the impulse from the ectopic focus forces the pacemaker to discharge prematurely (1) , the regularity of the pacemaker will be disturbed and the postextrasystolic pause will be too short to be compensatory, although longer than the normal interval.
The postextrasystolic pause lengthens pro-gressively as the premature beat is elicited earlier in the atrial cycle, i.e., as the curtailed cycle is shorter. To explain this phenomenon, Wenckebach supposed that the conduction velocity of the impulse from an ectopic focus is less as the curtailed cycle is shorter. Eccles and Hoff (2) assumed that a temporary depression of rhythmicity also occurs. Since then, the factors determining the duration of the postextrasystolic pause have not been investigated. In the experiments presented here, we elicited premature beats in the atrium and in the S-A node by electrical stimulation and turned our attention to: (1) The relation between the durations of the curtailed cycle and postextrasystolic pause.
(2) The change of the conduction velocity in the atrium and S-A node during a premature beat and during the succeeding activations.
(3) The changes in activity and location of 534 BONKE, BOUMAN, VAN RUN the pacemaker in the S-A node after a premature beat.
Method
Preparation.
-Thirty experiments were carried out with young adult New-Zealand rabbits (2 to 3 kg) of both sexes. They were anesthetized with pentobarbital sodium (Nembutal), 20 mg/kg iv, and the anesthesia was maintained with ether; 1500 IU heparin were injected intravenously. The heart was removed and kept in oxygenated McEwen's solution (3) . The right atrium was isolated without the A-V node (4) . A piece of nylon stocking was fixed between two wax ridges in a tissue-bath, and the preparation was fastened to it with the epicardial side uppermost. The McEwen solution, which continuously perfused the tissue chamber, contained (in HIM): NaCI, 130.60; KC1, 5.63; CaCl,, 2.16; NaHCO H , 24.17; NaH 2 PO 4 , 1.19; glucose", 11.10; sucrose, 13.20. The fluid was saturated with a mixture of 95% O 2 and 5% CO 2 , entered the tissue-bath at the bottom, and was sucked off at the surface at a rate of 40 ml/min. The pH was kept at 7.35 ±0.05 and the temperature at 37±0.1°C.
Recording.-The electrical activity of the preparation was recorded intracellularly and extracellularly. For unipolar recording of the atrial electrogram we used stainless steel needles, which, except for the tip, were completely insulated. An Ag-AgCl strip was used as an indifferent electrode. In the earliest experiments the atrial activity was recorded from one point only, but later from two points (Aj and A 2 in Fig.  1 ). The transmembrane potential of fibers in the S-A node was recorded with glass microelectrodes filled with 2.7M KC1 and with a resistance of 20 to 40 megohm. The signal was fed into a cathodefollower via an agar-Tyrode bridge. The potential of the tip, which was never more than 5 mv, was compensated (5) . All data were suitably amplified (6) , and stored on magnetic tape (AmpexFR 1300).
Stimulation.-At fixed moments, extrasystoles were elicited in the atrium and S-A node by constant-voltage shocks (duration 0.5 msec, intensity twice threshold value at most) from the stimulus isolation unit of a Grass S4 stimulator. The bipolar stimulating electrode (S in Fig. 1 ) consisted of two silver wires (diameter 1.0 mm), mounted in perspex (interelectrode distance 1.2 mm). After twenty spontaneous beats, diastole was interrupted at a chosen moment by one single shock from the stimulator. The stimulator was started by the output pulse of the delay-trigger circuit of an oscilloscope (Tektronix, type 565) that was triggered by the intrinsic deflection of a surface electrogram. The time lapse between this pulse and the last spontaneous beat could be adjusted accurately by changing the delay time of the delay-trigger circuit. At least two extrasystoles were always elicited with the same delay time. In most experiments the atrium was stimulated; sometimes the extrasystoles were elicited by stimulating the S-A node, but then simultaneous intracellular recording from the S-A node was impossible.
Data Processing.-From the data stored on magnetic tape we derived: (1) the interval between the beats, (2) the conduction time between stimulating electrode and recording electrode, and
(3) the changes of the transmembrane potential.
All intervals between the beats and between the action potentials were digitized by means of two interval timers (Hewlett-Packard, type 5233L) and one numerical printer (Hewlett-Packard, type 562A). Interval histograms were made by a Data Retrieval Computer (Nuclear Chicago). To compare the curves relating curtailed cycle to postextrasystolic pause that we obtained from different experiments, we did not use the absolute values of the intervals, but plotted them as percentages of the estimated duration of the interrupted interval (see Results). The change in the conduction time brought about by a premature beat was determined in the atrium and S-A node by one of the interval timers. For that purpose we measured in the atrium the interval between the start of the stimulating pulse and the intrinsic deflection of the electrogram. In the S-A node the interval \ S.VC. I.V.C. Histogram of the intervals between the spontaneous discharges of an isolated right atrium of a rabbit during 9 minutes of recording. Abscissa: interval in msec. Ordinate: number of counts in each interval. Interval width = 1.25 msec. Total number of counts = 1,725.
between the start of the stimulating pulse and the occurrence of the maximal rate of depolarization was measured. To evaluate the change in the rate of depolarization during diastole, the action potentials stored on the tape were photographed (Grass, model C4 camera), enlarged tenfold, and projected on millimeter paper.
Results

REGULARITY OF THE ISOLATED RIGHT ATRIUM
At the onset of the experiment the preparations did not all have the same cycle length; intervals between 300 and 360 msec were found. During an experiment the frequency of the spontaneous heart beats decreased slightly, but over a short time the variation was always very slight ( Fig. 2 ). We preferred to plot the curtailed cycle and postextrasystolic pause as percentages of the duration of the normal interval rather than in milliseconds. However, this method could be adopted only if we could estimate within narrow limits the Circulation Research, Vol. XXIV, April 1969 duration of the interval if it had not been interrupted by a stimulus. For this estimation one can measure a number of normal intervals preceding the curtailed cycle, calculate the standard deviation of the sample, and construct a confidence interval for the interrupted cycle. We preferred to estimate the maximal standard deviation to be expected. Therefore we used the following procedure: From the recordings of 20 experiments we obtained 60 random samples, each consisting of 10 normal intervals preceding a curtailed cycle, by drawing lots. We then calculated the mean normal interval and the standard deviation, s, for each sample. The s-population was normally distributed (x 2 -test of normality; 95%) and had a mean of 0.8 msec and a standard deviation of 0.2 msec. To estimate the maximal s to be expected we used Student's tdistribution (95%; one-sided) and found that the standard deviation of an arbitrary sample of 10 normal intervals preceding a curtailed cycle was less than [0.8 + (1.67 X 0.2) ] msec = 1.1 msec (*o,on.6o = 1-67). From this maximal s we could predict that the interrupted interval would have differed less than ± 2.26 X 1.1 msec= ±2.5 msec from the mean of 10 preceding intervals had it not been interrupted (Student's t-test 95%; two-sided; to.or.,io = 2.26). As the shortest normal interval we observed was 300 msec, the error we made by plotting the curtailed cycle and postextrasystolic pause proportionally to the mean normal interval was (2.5/300) X 100% = 0.8% at the most.
DURATION OF THE POSTEXTRASYSTOLIC PAUSE
In 30 experiments we always found a similar relationship between the duration of the curtailed cycle (the interval between the last spontaneous cycle and the premature beat) and the duration of the postextrasystolic pause (the interval between the premature beat and the following spontaneous cycle) ( Fig. 3) . The curve illustrating the relationship between the curtailed cycle and the postextrasystolic pause always consisted of two parts: (1) A compensatory part. The postextrasystolic pause was as much longer than the normal interval as the curtailed cycle Relation between the lengths of the curtailed atrial cycle (CC) and the premature beat cycle (PEP). The interval is expressed as a percentage of the normal interval (NP). The average of ten cycles preceding the curtailed cycle is used as an estimate of the normal interval. The solid line represents the "compensatory line." Abscissa: (CC/NP) X 100. Ordinate (PEP/NP) X 100.
was shorter (curtailed cycle + postextrasystolic pause = 2 X normal interval). This is shown by the straight line in Figure 3. (2) A noncompensatory part. The postextrasystolic pause is longer than the normal interval, but not long enough to be compensatory (curtailed cycle + postextrasystolic pause < 2 X normal interval).
The duration of the postextrasystolic pause increased as the premature beat was elicited earlier in the atrial cycle. The duration of the curtailed cycle at which the postextrasystolic pause was no longer compensatory depended on the position of the stimulating electrode and on the conduction velocity in the atrium. In agreement with other reports (2, 7-9), we found that the prolongation of the diastole was not confined to the postextrasystolic pause itself; as the curtailed cycle was shortened, several intervals succeeding the postextrasystolic pause were prolonged ( Fig. 4 ). (2, (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) by the atrial stimulus could be excluded on account of the following observations: (1) Stimulation in the refractory period of the atrium was not accompanied by any change in interval. (2) A very long curtailed cycle was never followed by an overcompensatory pause. (3) Addition of atropine to the perfusion fluid (10 mg/liter) did not influence the duration of the postextrasystolic pause when the stimulation electrode was placed on the atrium or on the S-A node.
Influence of concomitant vagal stimulation
CHANGES IN CONDUCTION IN ATRIUM AND S-A NODE CAUSED BY A PREMATURE BEAT
The change in the conduction time after one single shortening of the interval has only been measured before in the atrium (20) . In our experiments we measured this variation simultaneously in the atrium and in the S-A node.
As the interval between the last spontaneous cycle and the stimulus is shortened, the Top curve: relation between the lengths of the curtailed cycle (CC) and the postextrasystolic pause (PEP). Bottom curve: relation between the lengths of the curtailed cycle and the cycle following the premature beat cycle (= P s ). When the atrial cycle is curtailed more than 25%, the P 2 interval will be lengthened. See also Fig. 3 . time necessary to conduct the impulse from the stimulating electrode on the atrium to a surface electrode on the crista terminalis (Ai in Fig. 1 ) and to a surface electrode on the auricle (A 2 in Fig. 1 ) increases only slightly. On the other hand, the time to conduct the impulse further to a fiber in the S-A node increases considerably (Fig. 5 ). Since the change of rhythm persists for a number of beats after the premature beat, it is possible that during that period the change in conduction time also persists. With our method we could only measure the conduction time accurately after an electrical stimulus. Therefore, we determined the change in the conduction time after a premature beat by the following special experiment.
The preparation was driven via a stimulating electrode on the S-A node with a rhythm corresponding to the rhythm normally occurring in an atrium during and after a premature beat. To that end the stimulator Circulation Research, Vol. XXIV, April 1969 was synchronized with the electrograms of an earlier experiment that had been stored on magnetic tape. Even for the first beat following a premature beat, the conduction time between the stimulating electrode and the recording electrodes on the crista terminalis or on the auricle differed less than 0.2 msec from the value recorded before the premature beat.
CHANGES IN THE TRANSMEMBRANE POTENTIAL OF FIBERS IN THE S-A NODE AFTER A PREMATURE BEAT
After 20 spontaneous beats, a premature beat was elicited in the atrium at different moments during diastole, while the transmembrane potential was recorded in different fibers of the S-A node. If a true pacemaker fiber is discharged prematurely, the rate of rapid depolarization and the rate of repolarization are supernormal. As a consequence, the duration of the action potential decreases. The potential course in a latent pacemaker is msec " 0 100.
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40. Abscissa: interval between the electrogram before the premature beat and the stimulation that evokes the premature beat. Ordinate: top curve -conduction time to an impaled cell in the S-A node, bottom curve = conduction time to electrode A t (see Fig. 1 ).
hardly altered by a premature discharge. After a premature action potential, the rate of diastolic depolarization is smaller than normal. How much the rate of depolarization decreases depends on the moment the premature discharge takes place in the cell cycle as well as on the type of fiber. The decrease in the rate of diastolic depolarization is greater as the premature discharge has taken place earlier in the diastole of the cell; in true pacemaker fibers the effect is much more distinct than in latent ones ( Figs. 6 and 7) .
OCCURRENCE OF A PACEMAKER SHIFT AFTER A PREMATURE BEAT
Some investigators (21, 22) have supposed that a premature beat might induce a temporary shift of the pacemaker within the S-A node. The observations described below A: Superimposed action potentials of a true pacemaker fiber during spontaneous discharge and during discharge by an atrial premature heat. Left hand figure is the actual recording. In the right hand figure the actual recording is redrawn to identify the action potential during spontaneous discharge (solid line) and during discharge by an atrial premature beat (broken line). B: Superimposed pictures of the diastolic depolarization in the same fiber as in A. In the redrawing at the right side the solid line represents the spontaneous discharge and the broken line shows the slope of diastolic depolarization after an atrial premature beat. In this case the time base generator of the oscilloscope was started at the same voltage level of repolarization. 50 mv 100 msec FIGURE 7 Superimposed action potentials of a latent pacemaker fiber during spontaneous action and during discharge by an atrial premature beat. For the explanation of the right hand redrawing see legend of Figure 6 , A. strongly suggest that, if an atrial premature beat is elicited early enough to discharge the S-A node, a pacemaker shift does always occur.
CHANGES IN THE ACTIVATION PATTERN OF THE ATRIUM
The activation front that spreads from the S-A node does not reach two recording electrodes that are placed at different points of the atrium (Ax and A 2 in Fig. 1) 
Superimposed pictures of twelve succeeding electrograms following a premature beat. The upper trace represents the electrograms from electrode A 1 and the lower trace the electrograms from electrode A 2 (see right hand diagrams). The time base generator of the oscilloscope always started at the same voltage level of the electrograms from electrode A v A: Spontaneous action after a premature beat. The time lapse between the electrograms from electrode A t and A 2 is increased directly after the premature beat and returns to normal within ten beats. B: Preparation with a fixed artificial pacemaker. The preparation was continuously driven via a stimulation electrode on the S-A node (S in the right hand diagram) with a rhythm corresponding to the rhythm of the preparation that was used for the recording shown in A. No change of the time lapse between the electrograms from electrode A t and A 2 can be observed although the rhythm was exactly the same as in A.
node, or both. The interval between the electrograms did not change when the S-A node discharged spontaneously, nor when a premature beat was elicited so late in the atrial cycle that the postextrasystolic pause was compensatory. However, if the curtailed cycle was so short that it was not followed by a compensatory postextrasystolic pause, the interval between the Ai and A 2 electrograms after the premature beat did change. Only after a number of beats did the interval between the electrograms become the same as before the premature beat. The effect disappeared gradually. Both strength and persis-tency of the effect depended on the duration of the curtailed cycle. In Figure 8 , A, the first twelve electrograms following a premature beat are superimposed. We have ascertained that the conduction time after a premature beat did not change. When the stimulator was triggered by the electrograms of an earlier experiment, creating a fixed pacemaker, no change in the interval between the cycles was observed. In Figure 8 , B, twelve electrograms following the same premature beat as in Figure 8 , A, are superimposed; in this case, however, the preparation was driven by stimulation of the The effect of an atrial premature beat on the transmembrane potential of a true pacemaker fiber. In these four recordings the stimulus was applied at various moments in the atrial cycle. The upper and middle traces of each recording show the electrograms from electrodes A } and A 2 (see Fig. 1 ). The lower trace is the transmembrane potential. Stimulation is indicated by an arrow. The data of Table 1 pertain to this figure. S-A node, synchronized with the electrograms of the experiment illustrated in Figure 8 , A.
CHANGE IN THE LATENCY BETWEEN THE DISCHARGE OF A TRUE PACEMAKER FIBER AND THE ACTIVATION OF THE ATRIUM
A true pacemaker discharges about 20 to 40 msec before the activation of the atrium (22) (23) (24) . When a pacemaker fiber has been discharged prematurely, the latency between the discharge of this fiber and the atrial discharge becomes smaller or even negative. Figure 9 (B, C, and D) shows that the course Circulation Research, Vol. XXIV, April 1969 of the transmembrane potential after the premature discharge does not differ importantly from the course of the transmembrane potential before stimulation. Table 1 shows that the latency between the discharge of the originally true pacemaker fiber and the atrial discharge is shortened after the premature discharge. When we measure the latency between the 50% level of the systolic depolarization of the action potential and the intrinsic deflection of the electrogram from electrode Ai, we find in B a change from 32 to 28, in C from 33 to 7, and in D from 32 to -3 msec. This change in latency is greater and persists longer as the premature beat is elicited earlier in the atrial cycle.
Discussion
Two theories have been advanced to explain the longer postextrasystolic pause accompanying a shorter curtailed cycle:
(1) Wenckebach (1) supposed that the interval between the premature discharge of the pacemaker and the following spontaneous one is normal. The prolongation of the postextrasystolic pause is then entirely due to a progressive decrease in the conduction velocity across the atrium as the premature beat is elicited earlier in the atrial cycle.
(2) Eccles and Hoff (2) assumed that the activity of the pacemaker was depressed after a premature discharge. The effect was supposed to be stronger as the curtailed cycle was shorter.
From our experiments it appears that the conduction time for an impulse from an ectopic focus to reach the center of the S-A node is increased as the premature beat is elicited earlier in the diastole of the atrium. There is, however, a great difference between the change of the conduction velocity in the atrium and in the S-A node. On shortening the curtailed cycle the conduction in the atrium hardly changes, but in the S-A node the conduction time increases progressively.
However, the effect of a premature beat is not limited to a decrease of the conduction velocity: a premature discharge also changes the pacemaker rhythm. This table contains data from the recordings A, B, C, and D of Figure 9 . AP = action potential. P 2 and P 3 are the second and third intervals after the curtailed cycle. During the postextrasystolic pause the interval between the electrograms is longer than normal, but the interval between the action potentials in B, C, and D is shorter than normal. This means that the fiber does not function as a pacemaker, but is discharged by a new pacemaker. The columns P 2 and P 3 show that the influence of the premature beat persists during the second and third beats.
More factors figure in the explanation than Eccles and Hoff gave. Our observation that in true pacemaker fibers the rate of diastolic depolarization is decreased after a premature discharge is in agreement with their hypothesis ( Fig. 6 ). But after a premature beat these fibers no longer act as pacemakers, as appears both from the change in activation pattern after a premature beat and from the change in the interval between the discharge of the originally true pacemaker and the atrial discharge. This strongly suggests that after a premature beat the pacemaker shifts within the S-A node.
The occurrence of the shift might be explained as follows. The impulse from an atrial ectopic focus reaches the edge of the S-A node very quickly, and the velocity decreases rapidly as the impulse penetrates further into the node (24, 26) . The latent pacemaker fibers in the periphery of the node therefore have an advantage over the true pacemaker fibers in the center of the node; although the rhythm of latent pacemaker fibers is slower than that of the true ones, this advantage might be sufficient for a certain group of fibers to take over the pacemaker function. Therefore, we may assume that the pacemaker shifts in the direction from where the premature discharge originated. This prediction is supported by the observation that the latency between the action potential of an originally true pacemaker fiber and the atrial activity becomes shorter after an atrial premature beat ( Table 1) .
The observation that a shorter curtailed cycle caused a greater and more persistent change in the activation pattern ( Fig. 4 The relation between the lengths of the curtailed cycle and the postextrasystolic pause, as affected by the position of the stimulating electrode. Abbreviations as in Figure 3 . 100 suggests that the pacemaker in that case shifts over a greater distance in the direction of the ectopic focus. As the premature impulse has arrived from the atrium, the new pacemaker will lie nearer to the atrium when the curtailed cycle is shorter. A shortening of the sinoatrial delay time may then be expected.
That, in spite of this, the postextrasystolic and following pauses are longer by a shorter curtailed cycle can then only be due to a slower rhythm of the new pacemaker. This is in agreement with the relatively slow rate of diastolic depolarization of peripheral nodal fibers (27) .
We usually elicited extrasystoles in the atrium. Generally the established curtailed cycle-postextrasystolic pause relationship will occur if the premature beat originates outside the zone of true pacemaker cells in the S-A node, in which case the premature impulse will always have to be conducted through part of the S-A node to reach the true pacemaker fibers. This is also apparent from the similarity between the curtailed cycle-Circulation Research, Vol. XXIV, April 1969 postextrasystolic pause curves obtained with atrial and with nodal stimulation (Fig. 10 ). As the premature impulses do not have to be conducted through the atrium, the postextrasystolic pause is shorter in that case than after stimulation of the atrium. In conclusion, the explanation of the extension of the postextrasystolic pause on shortening the curtailed cycle can be summarized in the following manner: The impulse from the ectopic focus is conducted slowly through the S-A node; this slow conduction causes a shift of the pacemaker within the node. As the curtailed cycle is shortened, the conduction velocity becomes smaller, and in consequence the pacemaker will shift over a greater distance. The further the new pacemaker is located from the center, the slower its rhythm and the longer the duration of the postextrasystolic pause are.
